Abstract: Lateral reinforcements can enhance serviceability of wood-based floor systems. However, because of a lack of proper analysis models, the benefit from installing these components has not been fully recognized in floor design. In this paper, a finite-element model for predicting static and dynamic characteristics of wood-based floor structures with various types of lateral reinforcements is presented. In this model, shell elements were employed to represent floor decking and ceiling, and beam elements were utilized to model joists and structural members in the lateral reinforcements. Special connector elements were developed to model the fasteners connecting various structural components. Other structural features, such as gaps perpendicular to joists in the subfloor, additional objects on floor and flexible supports, were also considered. A computer model incorporating these new features has been developed. For verification and validation purposes, the predicted deflections and natural frequencies for a number of full-size floors were compared with experimental values. Good agreement has been observed. These numerical test results indicated that the present finite-element model is reliable and unique, particularly in modeling floors with lateral reinforcements.
Introduction
A wood-based floor system normally consists of wood joists and a wood subfloor as essential structural components. Various types of topping and ceiling may also be used to improve its acoustic and fire performance. Fig. 1 illustrates a typical wood-based floor system. This system may be further reinforced in the across-joist direction using various lateral components, such as blocking, strong back, cross bridging, bracing, and strapping, as shown in Figs. 2͑a-e͒. These lateral reinforcements are usually attached to joists using mechanical fasteners.
Effective serviceability design of wood-based floors depends on the availability of proper serviceability criteria, reliable calculation procedures, and accurate design specifications for the various floor components. Comprehensive mathematical models, which are capable of predicting static deflections and natural frequencies of wood-based floor structures, are required not only as a design tool, but also for benchmarking any simplified design equations used routinely by design engineers. Furthermore, these models are powerful tools for the development of innovative floor components and systems. However, due to the complexity of wood-based floor systems, engineers and researchers are faced with many challenges when developing reliable comprehensive mathematical models to analyze such systems. Difficulties involved in accurate modeling of the wood-based floor systems arise from various complexities in such structures, including: 1. Significant transverse shear deformations in joists due to the low ratio of shear-to-bending stiffness; 2. Gaps in subfloor, over which discontinuities exist in displacement and its spatial derivatives; 3. Composite anisotropic material properties of wood subfloor and ceiling panels; 4. Semi-rigid connections between subfloor and joists; 5. Additional objects on floor surface such as partition walls, furniture, and human bodies; 6. Various forms of lateral reinforcements, which are semirigidly fastened to the joists; and 7. Semi-rigid joist end support conditions arising from the use of floor beams and lintels. Many efforts have been made to develop reliable mathematical models for analyzing wood-based floors. One of the first attempts was by Thompson and his co-workers who proposed a multilayered beam finite element model for static analysis of wood floor ͑Thompson et al. 1975͒ . In their method, a floor was divided into a collection of crossing T-beams. Each beam was composed of a single joist and the associated subfloor. These crossing beams were then analyzed individually using beam element discretization in the axial direction. Load-slip moduli of the connections between joist and subfloor and between layers in the subfloor were introduced into the model through a smeared stiffness concept to account for the effect of shear deformations in these connections. To establish the kinematic relations at the connecting interface, the rotations associated with vertical bending were assumed to be identical in joist and subfloor. The gaps in subfloor were modeled by two methods. The first method was for open gaps. In this method, two nodes were generated with the same coordinates at both sides of a gap. This approach permitted displacement discontinuities and zero axial forces across gaps and could be viewed as a special element having a zero length. The second method involved use of regular finite elements but with a small length and a low modulus of elasticity. This method was suitable for representing glue-filled or tightly butted gaps. Thompson et al. ͑1975͒ compared static deflections predicted by their model with the measured values from limited laboratory testing and good agreement was obtained. The most significant contribution of the work by Thompson et al. was the introduction of the concept of load-slip modulus for accounting for the semirigid attachments between various structural components. However, because lateral deformations of the subfloor and interactions between the adjacent crossing beams were completely ignored in this model, torsion of joist and lateral bending of subfloor could not be taken into account. This simplification leads to overly conservative predictions of deflections. For the same reason, lateral reinforcements cannot be included in that model. Finally, that model was only developed and tested for static analyses, but not for dynamic problems.
Foschi ͑1982͒ presented a finite strip model for static analysis of wood-based floors. In his model, standard finite-element discretization was utilized in the lateral direction and harmonic functions were employed to describe displacement variations in the axial direction. Slips at the subfloor-to-joists connections were considered using a smeared stiffness approach similar to that of Thompson et al. ͑1975͒ . Due to the inclusion of lateral deformations, the Foschi floor model could incorporate the effects of torsion of joists and flexible end support conditions without difficulty. However, the transverse shear deformation of the joists was not included. The original Foschi model for static analysis was later extended to predict natural frequencies ͑Filiatrault et al. 1990͒ and dynamic responses ͑Gupta 1985; Foschi and Gupta 1987; Folz and Foschi 1991͒ of wood floors. Although Foschi's model had been successfully applied to various floor designs, it still suffered from some limitations. The use of harmonic functions for describing displacement variations in the joist direction preassumed continuity in displacements and their spatial derivatives and as a result, did not provide the flexibility for accurate modeling of complicated deformation patterns. For example, gaps in subfloor were considered by simply eliminating the gap width from the integration range in element stiffness computations. However, proper displacement discontinuity across the gaps was still not achieved. For the same reason, accurate representation of lateral reinforcements was also not permissible in this model. Foschi suggested a simplified approach for modeling lateral reinforcements by completely restricting the out-of-plane rotation of the joists. Such an approach only enabled the model to account for the maximum contribution of lateral components, and had the possibility of significantly overestimating their contributions. In addition, the effect of lateral reinforcements on restraining relative vertical displacements of joists was ignored. Hu ͑1992͒ has also demonstrated that for floors with joists having low shear rigidity, the use of Foschi's model resulted in higher natural frequencies than the experimental data.
Chui ͑1987͒ presented a Rayleigh-Ritz model for frequency and dynamic response analyses of wood-based floors. Semirigid connection between joists and subfloor was considered using the approximate method developed by Smith ͑1980͒, but gaps in subfloor were ignored. Hu ͑1992͒ presented a modal synthesis method for predicting frequency and dynamic responses of woodbased floors. In addition to the parameters in other models, shear deformation and rotatory inertia of joists were included in her analysis. Hu ͑1992͒ reported that the model provided better predictions of natural frequencies of wood floors with joists having low ratio of shear-to-bending stiffness than Foschi's and Chui's models. Unfortunately, none of these models are able to consider properly the influence of lateral reinforcements.
Berkoh ͑1997͒ proposed an improved modal synthesis method, which includes a more complete set of deformation modes, gaps perpendicular to joists in subfloor, flexible joist supports, and lateral reinforcements. In his model, continuous lateral reinforce- ments, such as strong back and strapping, were considered as bending substructures of the subfloor. However, the stiffness of the lateral reinforcements was not clearly defined. This ambiguity made data preparation very difficult in practical engineering computations. Berkoh reported that compared with Hu's model, his model predicted more accurate natural frequencies for the higher vibration modes.
Parallel to the development of numerical models, Onysko ͑1981͒ developed a semianalytical model based on the approach of Vermeyden ͑1968͒ to predict the static deflections of woodbased floors under a concentrated load. This approach assumed that a loaded joist shared an applied concentrated load with the adjacent joists on both sides. The approximate formula proposed by McCutcheon ͑1977͒ was adopted to account for the effects of partial composite action between joists and subfloor and the gaps perpendicular to joists in the subfloor. This model included lateral reinforcements. The continuous lateral reinforcements, such as strapping ͓Fig. 2͑e͔͒ and strong back ͓Fig. 2͑b͔͒, were considered as bending elements, and the discrete lateral reinforcements, such as bridging ͓Fig. 2͑c͔͒ and blocking ͓Fig. 2͑a͔͒, as shear elements. The equivalent shear modulus was back calculated from the measured static deflections by solving a set of nonlinear equations. This semianalytical model was formed as a benchmark for the design criterion and procedure for solid lumber joist floors in Part 9 of the National Building Code of Canada ͓National Research Council ͑NRC͒ 1995͔. Onysko reported that the concentrated load deflections predicted by the model agreed reasonably well with the measured values from floor testing. However, this model has a number of limitations. For example, strictly this model is only applicable to floors with seven joists with two free edges. The determination of equivalent shear modulus requires complicated experiments and computations, and it is still unclear whether the equivalent shear modulus determined from a particular floor specimen can be generalized to other types of floor systems. In addition, this model is limited to static deflection analysis, not for dynamic analysis.
The above literature review indicates that all the existing analytical and numerical models are working reasonably well on certain floor systems which are consistent with the assumptions used in the development of these models. However, none of them can meet all the challenges listed earlier in this section. The review also revealed that at the present time, there is no reliable and effective model for characterizing the effects of lateral reinforcements. To better understand the mechanism of these structural components, a more appropriate numerical model must be developed. To this end, the finite-element method seems to be a logical option due to its flexibility, generality, and reliability.
Commercially available general-purpose finite-element programs have recently been utilized to analyze wood-based floor systems ͑Beattie 1998͒. However, because these commercial finite-element packages provide neither specialized connector elements for representing the fasteners nor customized user interface for wood-based floor structures, model generation could be very time consuming. Furthermore, because each fastener must be modeled using an individual three-dimensional spring element, local mesh density of the finite-element model is dictated by the fastener spacing and as a result, unnecessarily refined meshes are often generated, resulting in excessive computational times.
In this paper, a specially customized finite element procedure is developed to address most of the complexities existing in wood-based floor systems. These include transverse shear deformations, multilayered subfloor and ceiling, gaps perpendicular to joists in subfloor, semirigid fastener connections, rigid and flexible support conditions, and most importantly, various types of lateral reinforcements.
The present development has been based on extension of an existing general-purpose finite element program VAST ͑Martec Limited 2000͒. This program was first developed in the early 1970s and has been continuously enhanced in the past 3 decades. It has been verified extensively and applied to numerous practical engineering problems. Various shell and beam elements, which are suitable for representing subfloor and joists, already exist in VAST. In the present work, special connector elements are developed in VAST to model the semirigid connections between the subfloor and joists, and between joists and the lateral components. User friendly special-purpose pre-and postprocessing capabilities have also been developed for wood-based floors.
The organization of the present paper is as follows. The next section is devoted to detailed presentation of finite element formulations for the shell, beam, and connector elements. Numerical verification of the developed finite element analysis capability is then presented, in which predicted static deflections and natural frequencies are compared with the experimental measurements.
Finite Element Formulations and Development of Model

Four-Noded Shell Element with Multilayered Composite Capability
The four-noded quadrilateral shell element utilized in the present wood floor model was developed based on the degenerated threedimensional isoparametric solid element approach ͑Aham et al. 1970͒. One of the most significant advantages of this element formulation is that it includes transverse shear deformations, and as a result, can be applied to both thin and moderately thick shell structures, and especially for shells with a low shear rigidity, such as the wood panels. Making use of the geometric and displacement expressions, the strain-displacement matrix B can be derived following the standard procedure for constructing isoparametric finite element. However, a shell element formulated this way exhibits a serious numerical problem, known as shear ''locking.'' A number of methods have been developed to eliminate the locking problem and one of the most successful methods is the technique of mixed interpolation of tensorial strain component developed by Dvorkin and Bathe ͑1984͒. In this method, the strain-displacement matrix was first formulated in terms of the covariant strain components in the parametric coordinate system. The covariant transverse shear strain components were then modified through a mixed interpolation. Finally, the modified covariant strain-displacement matrix is transformed back to the desired orthogonal coordinate system, in which the element stresses and strains are formulated.
Once the B matrix is available, the element stiffness matrix can be formulated as
where Dϭelasticity matrix and Vϭvolume of the element. For orthotropic materials, such as the wood panels, the elasticity matrix can be expressed as
where E X , E Y denote the elastic moduli in the principal material directions x and y; XY ϭPoisson's ratio for transverse strain in the y direction when stressed in the x direction; and G XY , G Y Z , and G ZX ϭin-plane and transverse shear moduli, respectively. For multilayered composite shells with a rigid bond between layers, the elasticity matrix can be expressed as a piecewise constant function of the through-the-thickness coordinate z as
where z iϪ1 , z i denote through-the-thickness coordinates of the lower and upper surfaces of the ith layer. Substituting Eq. ͑3͒ into Eq. ͑1͒, the stiffness matrix expression for a composite shell element is obtained. In the present implementation, numerical integration is performed in the thickness direction.
Two-Noded Beam Element
The two-noded general beam element utilized in the present finite-element model was developed using cubic shape functions, which satisfy not only displacement compatibility, but also slope continuity across element boundaries. In this element, stiffness matrices corresponding to longitudinal, torsional, and bending deformations are first formulated separately and then superimposed to form the element stiffness matrix. Although this beam element was originally derived using Euler-Bernoulli's beam theory, in which the transverse shear deformation is neglected, its stiffness matrix had been properly modified to take into account the transverse shear effect of beams having relatively deep cross sections and/or low ratios of shear-to-bending rigidity. This modification was based on the so-called shear form factor F, which is the ratio of the total cross sectional area to the effective shear area, such that FϭA/A S . The effective shear area A S is defined in such a way that the transverse shear-induced vertical deflection v S can be expressed as
where xϭcoordinate along the axial direction of the beam; Sϭtransverse shear force; and Gϭshear modulus ͑Przemieniecki 1968͒. For regular cross sections, the shear form factors are either constant or dependent on the cross-sectional dimensions. For instance, for a solid rectangular cross section, Fϭ6/5, and for an I section with flanges of uniform thickness ͑Young and Budynas 2002͒
where D 1 and D 2 denote distances from the neutral axis to the nearest surface of the flanges and the extreme fiber, respectively; t 1 denotes the thickness of the web; t 2 ϭwidth of the flange; and Rϭradius of gyration of the cross section with respect to the neutral axis. If the beam element is defined by cross-sectional properties the transverse shear stiffness, which is the product of the shear modulus and the effective shear area GA S , must be provided directly.
Two-Noded Connector Element
In order to develop a two-noded connector element suitable for modeling semi-rigid connections between joists and lateral reinforcement members, a beam-beam connection as shown in Fig. 3 was considered. In this figure, a local coordinate system is shown, in which the local xЈ axis is along the axial direction of the fasteners, whereas the local yЈ and zЈ are along the principal axes of the contact area. The origin of the local coordinate system is at the center of the contact area. Assuming that the local displacement and rotation components at the center of the connecting area are ͕u 1 ,v 1 ,w 1 ,␣ 1 ,␤ 1 ,␥ 1 ͖ and ͕u 2 ,v 2 ,w 2 ,␣ 2 ,␤ 2 ,␥ 2 ͖ for beam nodes B1 and B2, respectively, the displacements at an arbitrary point (yЈ,zЈ) over this area can be readily expressed as
To derive these relations, the shape of the contact area was assumed to be unchanged during the small elastic deformation. This simplification is consistent with the basic assumptions adopted in the classical beam theory. Subtracting the displacements on both sides of the connecting surface given in Eqs. ͑6a͒ and ͑6b͒, relative displacements experienced by the fasteners in the present connection are readily obtained as 
where ⌬ 1 , ⌬ 2 , ⌬ 3 denote vectors of relative displacements and rotations at the center of the connecting area. The total strain energy corresponding to the deformation of the fasteners in the present connection can be expressed in terms of the relative displacements and the connector stiffnesses as
where AЈ denotes the area of the connecting surface and
contains the connector's axial and slip moduli at an arbitrary point (yЈ,zЈ). Noting that the relative displacements and rotations ⌬ 1 , ⌬ 2 , ⌬ 3 are independent of the local coordinates and the local yЈ, zЈ axes are along the principal directions of the connecting area, the strain energy expression can be simplified as
2 ⌬␥k ␥ ⌬␥ (10) where the equivalent translational and rotational stiffness components can be evaluated by summing up the stiffness contributions of each individual fastener in the current connection as
and k i denotes the 3ϫ3 diagonal stiffness matrix of the ith fastener as given in Eq. ͑9͒. In Eq. ͑10͒, the strain energy is expressed in terms of the displacements and rotations at the center of the connecting area. However, to derive the stiffness matrix of the two-noded connector element, these displacements and rotations need to be expressed by the displacement and rotation components at the beam nodes, B1 and B2. For the connection detail shown in Fig. 3͑b͒ , if the vector pointing from the beam node B1 to the center of the contact area is e 1 ϭ͓e x Ј 1 ,e y Ј 1 ,e z Ј 1 ͔ T , measured in the local coordinate system, the displacements and rotations can be related as
ͮ Similar relations can be established for beam node B2. For the special situation shown in Fig. 3͑b͒ , beam node B2 coincides with the center of the contact area so e 2 ϭ0. Using Eq. ͑12͒, the relative displacements and rotations at the center of the connecting area can be readily written in terms of the displacements and rotations of the beam nodes. In matrix form, we have
for relative displacements where
and I denotes a 3ϫ3 identity matrix. Similarly, the relative rotations at the center of the connecting area can also be expressed in terms of the displacements and rotations of the beam nodes as Substituting Eqs. ͑13͒ and ͑16͒ into ͑10͒, a 12ϫ12 stiffness matrix for the two-noded connector element can be obtained in the local coordinate system as
To complete the derivation, this local stiffness matrix must be transformed to the global coordinate system.
Four-Noded Connector Element
A four-noded interface element suitable for modeling subfloorjoist and ceiling-joist connections is now presented. Consider a typical shell-beam connection, as shown in Fig. 4 , which involves two shell elements and a beam element. The beam axis is assumed to be directly beneath the common boundary of the shell elements. The dimensions of this area are equal to the length and width of the beam element. In the following derivations, the shell and beam nodes involved in this connection are denoted by S1, S2 and B1, B2, as shown in Fig. 4 , whereas the distances from these nodes to the connecting surface at the ith end are denoted by e Si and e Bi . If the shell node is located in the mid-plane and the beam node is at the center of the cross section, e Si and e Bi are equal to half of the shell thickness and half of the beam depth, respectively. The local coordinate system is defined as follows: the local xЈ axis is in the plane of the connecting surface and parallel to the beam axis. The local zЈ axis is along the normal direction of the shell elements, and the local yЈ axis is finally computed to complete an orthogonal coordinate system.
After the local coordinate system is established, the relative displacement vector between the bottom surface of the shell and top surface of the beam can be expressed at both ends of the connecting area in terms of the displacements and rotations of the corresponding shell and beam nodes. Assuming that the shell thickness and beam cross-section dimensions do not change during the small elastic deformation, the following displacement relations can be obtained at end 1 for an arbitrary yЈ coordinate as
where (u,v,w) denote displacements along the axes of the local coordinates; and ͑␣,␤,␥͒ indicate rotations about the local axes. Comparing these relations with Eq. ͑7͒ in Foschi ͑1982͒, it is recognized that the present relations are more general than the one developed by Foschi. In the latter, additional constraints on displacement and rotation variables were assumed as
and the normal rotation ␥ are not considered. The relative displacement vector at end 2 can be obtained using the same method. Assuming a linear variation of relative displacements along the length of the connecting surface, distribution of the relative displacements along the xЈ coordinate can be expressed as
where N i , (iϭ1,2)ϭlinear interpolation functions. Substituting Eqs. ͑18͒ into Eq. ͑19͒, the relative displacements can be expressed in terms of the nodal displacements and rotations of the shell and beam nodes, S1, S2 and B1, B2. The resulting equation can be put into a matrix form as
where
and the expression of ⌬ 1 (xЈ) can be obtained similarly.
With the expression of the relative displacements and rotations, the strain energy in this shell-beam connection can be obtained. The connectors are assumed to be equally spaced along the length of the contact surface at a distance E NL . Each row may contain multiple fasteners and the ith fastener is located at y i Ј in the local yЈ direction. If the slip moduli of the ith fastener in the local xЈ and yЈ directions are k x Ј i and k y Ј i , and the axial modulus along the local zЈ direction is k z Ј i , the strain energy can be expressed as
where the user-supplied slip and axial moduli have been uniformly smeared over the distance between rows of connectors along the xЈ direction, and integration in the yЈ direction has been carried out analytically. The equivalent connector stiffnesses in Eq. ͑22͒ are given by
When connector stiffnesses are large, the last two terms on the right hand side of Eq. ͑22͒ enforce compatibility in normal and axial rotations between the shell and beam elements. This feature is slightly different from Foschi's formulation ͑1982͒, where compatibility on axial rotations was explicitly enforced. Substituting the expressions of ⌬ 1 , ⌬␣, and ⌬␥ in terms of the shell and beam nodal displacements and rotations into Eq. ͑22͒ and integrating the resulting equation over L along the xЈ axis, a 24ϫ24 stiffness matrix can be obtained for the four-noded connector element. However, this matrix is defined in the local coordinate system and must be transformed into the global system.
Development of Model
Finite-element formulations for all the elements required in the present model are presented above. These finite elements are used to model the various structural components in a wood-based floor system, including lateral reinforcement, ceiling board, partitions, multilayer floor topping, and beam supports. Because of space limitation, only the modeling of lateral reinforcement is presented here, as this capability is a major improvement over previous floor models.
One of the major advantages of the present finite-element model lies in its ability to model the various types of lateral reinforcements using only the construction parameters such as the mechanical properties of the structural members and the fastener stiffnesses to the joists. All structural members in the lateral reinforcements are idealized by either one or two beam elements. For bridging and bracing, the members are always connected to the joists at the top and bottom of the joist cross sections, as shown in Figs. 2͑c and d͒. For the other three types of lateral reinforcements, the global Z coordinate of the center of the lateral compo-nents must be provided for establishing the geometric relations required by the connector element.
The fastener between each lateral reinforcement member and the joist is represented by the two-noded connector element. The connector stiffnesses required in this element can be specified either by user-defined equivalent stiffnesses or in terms of the locations and stiffnesses of each individual fastener in the connection. In the latter case, equivalent stiffnesses are automatically calculated using Eq. ͑11͒. Because the fastener locations and stiffnesses are all defined with respect to the local coordinate system at the connection, the proper definition of these systems becomes very important.
Floor Specimens and Test Procedures
To evaluate the predictive capability of the proposed finiteelement model, a series of laboratory tests were conducted on full-size wood-based floors with various structural features, such as gaps in subfloor, topping, partition walls, multispan continuous joists, ceiling, and different types of lateral reinforcements. The measurements included static deflections under a concentrated load, natural frequencies, and mode shapes. Experiments were also carried out to measure mechanical properties of joists and stiffnesses of the fastener-wood connection.
Construction Details of Floor Specimens
A total of 22 full-size floor specimens were constructed and tested. Construction details of the floor specimens are summarized in Table 1 . All the floors used composite wood panels as subfloor, i.e., 18.5 mm tongued-and-grooved Canadian softwood plywood ͑CSP͒ for floor Nos. 1-3, 12-14, and 21-22; 15.5 mm CSP for floor Nos. 4 -11; 18 mm oriented strand board ͑OSB͒ for floor Nos. 15-20. Most of the floors used 51 mm screws or nails at an average spacing of 0.3 m along intermediate supports and 0.15 m along edges to attach the subfloor to joists except floor Nos. 12-14 in which glue was used along with nails. For floor specimens with ceiling, gypsum boards were attached to resilient channels on the underside of joists using 30 mm drywall screws and the same nailing schedule as that used for subfloor-to-joist connections. As shown in Table 1 , the floor specimens utilized in this paper covered most of the construction details commonly found in current North American construction.
Measurement of Mechanical Properties of Joists and Fastener-Wood Connections
The shear free flexural rigidity (EI) and shear stiffness of the joists were measured before the floor construction using the freefree transverse beam vibration technique developed by Chui ͑1991͒. Equivalent Young's and shear moduli of each joist were then calculated from the measured flexible rigidity and shear stiffness data and utilized in the finite-element analyses. Both slip and axial moduli of the fasteners are required in the present finite-element model. Experimental data of slip modulus for various types of fastener-wood connections can be found in the literature ͑Stieda 1990; Mohammad 1996; Ni 1997͒. For plywood-to-wood, OSB-to-wood, and gypsum board-to-wood, wood-to-wood connections using various types of fastener, the slip modulus reported in these publications varied widely from 3ϫ10 5 to 9ϫ10 6 N/m/fastener, depending on material properties, fastener types, and data analysis techniques.
Because our literature search indicated that there were no published data for nail withdrawal modulus, tests were performed on several types of fastener-wood connections, including the connections between joists and subfloor/ceiling and between joists and the lateral reinforcements. The measured withdrawal modulus varied from 3ϫ10 5 to 1.1ϫ10 6 N/m/fastener. However, these tests were conducted only in withdrawal mode under static loading. With respect to the influence of axial modulus of a fastener on floor response, it is useful to point out that the present model, as in the case of other floor models, assumes that the withdrawal and compression moduli have identical values. For static analysis, there is no difficulty in choosing the proper value of axial modulus because the loading direction is preknown. In the case of frequency analysis, the calculation involves solving for eigenvalues of a system of equations. If different modulus values are to be used, the finite-element equations would be nonlinear and more sophisticated eigensolution techniques must be utilized. This is beyond the scope of the current study. In normal circumstances, the axial modulus is controlled largely by the gripping of the fastener by the wood fiber around the shank of the fastener. As such, the true compression and withdrawal moduli are not expected to differ significantly. If the surfaces of two joining members are in close contact, it may be argued that the apparent compression modulus is higher than the withdrawal modulus due to bearing resistance, and the need to have different modulus values may be justified. However, under serviceability conditions that are of interest here, the load levels experienced by the various floor components are extremely low. Consequently, close tight contact of member surfaces is unlikely to occur, and any axial movement of the fastener in the shank direction is still controlled largely by the gripping force on the fastener and not the bearing stiffness of the wood material. The use of a single modulus value for axial modulus seems reasonable. In addition, as will be shown later, the natural frequency of wood floor systems is generally insensitive to the axial modulus within the practical range.
Measurement of Static Deflections and Natural Frequencies of Test Floors
A number of tests were performed on each floor specimen. Comparison here is limited to static deflection at the floor center under a 1 kN load applied at that location, and the natural frequencies of each floor. In these tests, the static load was applied by a 1 kN dead weight. Natural frequencies were measured using modal analysis technique. Details of the test procedures are available in Hu ͑1998͒.
Finite Element Idealization of Test Floors
A sensitivity study was first conducted to determine the adequate finite-element mesh density for accurate prediction of static deflection under a point load and the fundamental natural frequency. This study was based on floor No. 21. The numerical results indicated that the static solution was more sensitive to the mesh density than the natural frequency, but the use of two elements per joist spacing was sufficient for both static and frequency calculations. This meshing rule was then utilized for all test floors considered in the present work. The finite-element mesh, the deformed configuration under the 1 kN point load, and the first free vibration mode shape for floor No. 21 are presented in Fig. 5 .
Sensitivity analyses were then conducted on the slip and axial moduli of the fasteners. Floor No. 21 was still used for these analyses. Fig. 6͑a͒ shows the variation of the predicted static deflection with the slip modulus. In this group of analyses, the axial modulus was fixed at 3ϫ10 8 N/m/fastener. In extreme cases of very small or very large slip modulus, the curve shown in Fig.  6͑a͒ tends to be flat, indicating convergence to the solutions with either zero shear force or zero slip between the joist and subfloor. The range of slip modulus given in the literature is also shown in this figure, and the present results suggested that the static deflection is sensitive to the value of slip modulus over this range. Based on a comparison of the measured and predicted center deflections, a slip modulus of 1.5ϫ10 6 N/m/fastener was selected and used for all subsequent static solutions in the present paper. The dependence of static deflection of floor No. 21 on the axial modulus is presented in Fig. 6͑b͒ , where a constant slip modulus of 1.5ϫ10 6 N/m/fastener has been employed. These results indicated that the static solution is very sensitive to the axial modulus when it is less than 10 7 N/m/fastener. However, with the increase of the axial modulus, the finite-element solution converged to the measured static deflection of 0.68 mm. Based on this observation, an axial modulus of 3ϫ10 8 N/m/fastener was selected for all subsequent static analyses. This axial modulus is several orders of magnitude higher than the withdraw modulus reported earlier in this paper, because in the present analyses, the static load was pointing downward and caused compression instead of withdrawal in the joist-subfloor connection. As a result, a higher axial modulus was expected.
The variations of the predicted natural frequency with the slip and axial moduli were also investigated and the results are presented in Fig. 7 . These results indicate that the floor dynamic response is more sensitive to the slip modulus than to the axial modulus within the range of the moduli considered. Through a comparison with the measured fundamental frequency of 21.2 Hz, a slip modulus of 1.5ϫ10 6 N/m/fastener and an axial modulus of 3ϫ10 5 N/m/fastener were selected and used in all natural frequency calculations reported in this paper.
Results and Discussion
The general predictive capability of the present finite-element model was evaluated by comparing the predicted static deflections and fundamental natural frequencies with the measured values for all 22 floor specimens as shown in Figs. 8 and 9. In these figures, the horizontal and vertical axes indicate measured and predicted values, respectively. Each data point represents a test floor and the thick solid line is fitted using these points. The thin solid line is a reference corresponding to the ideal situation, in which the measured and predicted results are identical. As can be observed, the predicted static deflections matched the measured values well. However, the predicted fundamental natural frequencies were generally higher than the measurements. This might be caused by the fact that the support conditions of the laboratorybuilt floor specimens were not rigid simple supports, as assumed in the finite-element calculations. The flexibility in supports affects fundamental natural frequencies significantly, especially for floors with short spans. To verify this hypothesis, additional finite-element analyses were performed on floor No. 4 using flexible boundary conditions. In the actual experiment, the ends of the joists were nailed to wood-supporting walls. Such support conditions prevented downward displacements of the joist ends. However, uplift could occur due to nail withdrawal in the frequency tests. To simulate the potential uplift of the joist ends, boundary springs with a finite stiffness of 2ϫ10 5 N/m were employed for the support restraints in the finite-element model to predict the fundamental natural frequency. This value was based on nail withdrawal tests described above. After using the more realistic boundary conditions, the predicted fundamental natural frequency was reduced to 11.5 from 15.2 Hz. The new result is in a much closer agreement with the measured value of 11.2 Hz.
It should be noted that the 22 floors covered a broad range of construction details that have provided an evaluation of the general predictive capability of the proposed floor model. To closely examine the ability of the proposed finite-element model in accounting for the contribution of lateral reinforcements to floor performance, the measured and predicted changes in static deflections and fundamental frequencies of eight floor specimens due to installation of lateral reinforcements are compared in Table 2 . The percentage changes are presented instead of the actual values to provide a meaningful evaluation of the proposed modeling approach by eliminating the influence of other factors that may cloud the evaluation. As can be observed, the predicted changes in static deflections and fundamental natural frequencies due to the installation of the lateral reinforcements matched the measured changes quite well. A review of these results shows that the addition of a lateral reinforcement generally leads to a small increase in the first natural frequency, but a large reduction in static deflection. In general, using the assumed slip and axial moduli presented in the preceding section, the proposed finite-element model slightly underestimates the contributions from these lateral reinforcements, which makes the predicted results conservative. Considering the uncontrollable workmanship in the installation of the lateral reinforcements on site, a conservative approach would be preferable for accounting for the contributions of these structural components. Such a conservative approach can prevent excessive vibrations in floors caused by an overestimation of the contributions from lateral reinforcements.
Conclusions
In this paper, a finite element procedure for linear static and natural frequency analysis of wood-based floor structures is presented. The implementation of the present model has been based on an existing finite element program VAST. A numerical verification of the developed finite-element capability was carried out using a number of wood-based floors. The predicted static deflections and fundamental natural frequencies were compared with the measured data and they were found to be in good agreement.
Based on the verification results, the finite-element model presented in this paper is reliable and unique, particularly in modeling wood-based floor structures with various types of lateral reinforcements. The main benefit of the present model comes from its use of only the stiffness of the structural members and the mechanical properties of the connections to achieve good predictions for static and dynamic behavior of wood-based floors. The stiffness of structural components in the lateral reinforcements and the mechanical properties of the connections all can be determined experimentally. This special feature makes the present model a useful tool not only for wood-based floor performance research and design, but also for developing new wood-based floor construction products and systems. 
